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Abstract 

Soils of the Appalachian region of the United States are acidic and deficient in P. North Carolina 
phosphate rock (PR), a highly substituted fluoroapatite, should be quite reactive in these soils, allowing 
it to serve both as a source of P and a potential ameliorant of soil acidity. An experiment was conducted 
to evaluate the influence of PR dissolution on soil chemical properties and wheat (Triticum aestivum cv. 
Hart) seedling root elongation. Ten treatments including nine rates of PR (0, 12.5, 25, 50, 100, 200, 
400, 800, and 1600 mg P kg -~) and a CaCO 3 (1000 mg kg -1) control were mixed with two acidic soils, 
moistened to a level corresponding to 33 kPa moisture tension and incubated for 30 days. Pregermi- 
nated wheat seedlings were grown for three days in the PR treated soils and the CaCO 3 control. Root 
length was significantly (P <0.05) increased both by PR treatments and CaCO3, indicating that PR 
dissolution was ameliorating soil acidity. The PR treatments increased soil pH, exchangeable Ca, and 
soil solution Ca while lowering exchangeable A1 and 0.01 M CaC12 extractable soil A1. Root growth in 
PR treatments was best described by an exponential equation ( P <  0.01) containing 0.01 M CaC12 
extractable A1. The PR dissolution did not reduce total soil solution AI, but did release A1 complexing 
anions into soil solution, which along with increased pH, shifted A1 speciation from toxic to nontoxic 
forms. These results suggest that North Carolina PR should contribute to amelioration of soil acidity in 
acidic, low CEC soils of the Appalachian region. 

Introduction 

Numerous studies have been conducted to inves- 
tigate the reactivity and fertilizer effectiveness of 
phosphate rock (PR) sources in various types of 
soils (Chien et al., 1987; Hammond et al., 1986; 
Kanabo and Gilkes, 1988; Smyth and Sanchez, 
1982). Recent studies on low buffer capacity acid 
soils have indicated that certain PRs have both a 
substantial liming effect and serve as an im- 
portant source of Ca (Easterwood et al., 1989; 
Hellums et al., 1989). 

Hellums et al. (1989) found that even in the 
presence of adequate added P, medium and high 
reactivity PR increased dry matter yield and Ca 

uptake of maize (Zea mays L.) grown in an acid 
soil with low exchangeable Ca. Easterwood et al. 
(1989) demonstrated that PR (carbonate apa- 
tites) from North Carolina and Central Florida 
applied at a rate of 400 mg P kg-1 increased pH 
of a Dothan fine sandy loam (Typic Paleudult) 
by more than 1 pH unit and substantially low- 
ered exchangeable A1. 

Dissolution of carbonate substituted fluoro- 
apatites, such as North Carolina PR, would re- 
lease basic cations, phosphates, carbonates, and 
fluoride into soil solution (Easterwood et al., 
1989). Dissolution products should have a signifi- 
cant effect on A1 activity and speciation in soil 
solution, and therefore, should contribute to 
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amelioration of A1 toxicity. An improved rooting 
environment and enhanced root growth should 
result from PR additions to acid soils. Effects of 
PR on maize root growth were not reported by 
Easterwood et al. (1989) or Hellums et al. 
(1989). 

Short-term (2-4 day) bioassay techniques (A1- 
hrichs et al., 1990; Ritchey et al., 1989) which 
depend upon root development of seedlings in 
soil have been used to relate soil and soil solu- 
tion properties to root elongation (Wright et al., 
1989a;b). In the bioassay technique, the seed 
supplies nutrients and only A1 toxicity and Ca 
and B deficiencies limit seedling root elongation. 
The bioassay technique allows separation of nut- 
ritional effects from direct soil acidity effects on 
root growth and should be useful for monitoring 
PR effects upon acid soil rooting environments. 
The current experiment was undertaken to: (1) 
measure seedling root elongation as a function of 
PR application rate, and (2) relate changes in 
soil and soil solution properties resulting from 
PR additions to root elongation. 

Materials and methods 

Acidic subsoil horizons from two major Ap- 
palachian hill land soils, Berks (loamy-skeletal, 
mixed, mesic Typic Dystrochrepts) and Lily 
(fine-loamy, siliceous, mesic Typic Hapludults), 
were used in the investigation. Selected prop- 
erties of the Berks E and Lily Bt horizons are 
shown in Table 1. The soil horizons were charac- 
terized by low pH, low exchangeable Ca, and 
high exchangeable A1, and when unlimed pro- 
vide an unfavorable environment for root elon- 
gation (Wright et al., 1987). 

A reactive, high carbonate-substituted North 
Carolina PR source containing 131.9 g P kg -1 

and 352.8gCakg -1 was used in the investiga- 
tion. The PR was ground to pass a 150/zm sieve 
and mixed with each soil horizon at rates corre- 
sponding to 0, 12.5, 25, 50, 100, 200, 400, 800, 
and 1600mgPkg -1. A C a C O  3 t r e a t m e n t  con- 
taining 1000mg C a C O  3 kg -1 was included for 
each horizon to provide a point of comparison 
for the liming value of the PR. The treated soils 
were moistened to a level corresponding to 
33 kPa tension (Berks E, Pw=  24.3w/w; Lily 
Bt, Pw = 19,4w/w) and allowed to incubate for 
30 days at 21°C. At the midpoint of the incuba- 
tion period, the samples were mixed and mois- 
ture adjusted as needed. 

At the end of the incubation period, an A1 
sensitive soft red winter wheat (cv. Hart, Devine 
Seed Co., Yellow Springs, Ohio) was grown in 
the 10 treatments of each soil horizon. Details of 
the bioassay technique have been reported previ- 
ously (Ritchey et al., 1988). Wheat seeds were 
pregerminated on moist chromatography paper 
and five planted into moist soil (bulk density 
1.0 Mg m -3) in 200 mL plastic cups. Three repli- 
cations of each soil horizon-treatment combina- 
tion were arranged in a randomized complete 
block design. The cups were maintained in high 
humidity plastic covered containers so that wa- 
tering would not be required during the three 
day growth period. The containers were kept in 
a growth chamber at the following conditions: 
23°C, 12-h day length, and illumination of 
120/~molm-as 1 The longest root of each 
seedling was measured at harvest. 

Soil solutions were removed from the moist 
soils by centrifugation (Elkhatib et al., 1987) at 
harvest. Soil solution pH and electrical conduc- 
tivity were measured immediately. Total soil so- 
lution concentrations of Ca, Mg, K, Na, A1, Mn, 
Fe, and P were determined by ICP emission 
spectroscopy. Gradient elution ion chromatog- 

Table I. Selected properties of the soil horizons used in the investigation 

Soil pH Organic Clay Exchangeable CEC" 
horizon (1 : 1 HzO ) C Ca Mg AI 

(g kg -1) (cmol kg -1 ) 

Berks E 4.27 18.5 121 0.41 0.20 3.89 5.28 
Lily Bt 4.78 6.9 184 0.08 0.03 2.98 3.37 

a Cation exchange capacity calculated from the summation of exchangeable bases and exchangeable acidity. 



raphy was used to determine F, C1, NO3, 804, 
oxalate, and citrate concentrations in soil so- 
lution. 

A Chelex 100 resin technique (Cambell et al., 
1983; Hodges, 1987) was used to estimate soil 
solution A1 complexed by high-molecular-weight 
organics (OM-AI). Batches of resin were loaded 
in the manner described by Campbell et al. 
(1983) until pH and Ca and Mg levels main- 
tained in solution by the resin were similar to 
those in soil solutions to be analyzed. Soil solu- 
tions (5 mL) were shaken with 0.25 g of the 
appropriate loaded resin, centrifuged, and ana- 
lyzed for A1. A total resin-soil solution contact 
time of 60 minutes was used, and AI not taken 
up by the resin was considered to be OM-AI. 

Soil samples were analyzed for soil pH 1:1 
H20 and 1:1 0.01 M CaCl2; exchangeable bases 
(Thomas, 1982); exchangeable acidity and AI 
(Yuan, 1959); clay content by the pipette 
method (Gee and Bauder, 1986); and organic C 
using a CHN analyzer. Cation exchange capacity 
(CEC) was calculated by summation of ex- 
changeable bases and exchangeable acidity. Soil 
AI was extracted with 0.01 M CaC12 
(soil : solution = 1 : 2) using the method of Hoyt 
and Nyborg (1971). 

The extent of PR dissolution in the treatments 
was estimated in two ways. Soil samples (1 gram) 
were extracted for 16 hours with 0.5 M NaOH at 
a soil to solution ratio of 1:100 following a 
prewash with 1 M NaC1 for one hour (Mackay et 
al., 1986). Phosphorus in the extracts was de- 
termined colorimetrically using the phos- 
phomolybdate method (Olsen and Sommers, 
1982). In the second technique, one gram soil 
samples were extracted for one hour with 10 mL 
of 0.25 M BaClz-TEA at pH 8.1 to determine 
increases in soil exchangeable Ca due to PR 
dissolution (Hughes and Gilkes, 1984). Calcium 
in the extracts was determined using ICP emis- 
sion spectroscopy. The extent of dissolution was 
calculated from the P/Ca ratio in the PR assum- 
ing free calcite was not present and congruent 
dissolution of PR occurred (Kanabo and Gilkes, 
1988). 

A modified version (Parker et al., 1987) of the 
GEOCHEM computer program (Sposito and 
Mattigod, 1980) was used to calculate concen- 
trations and activities of free ions and complexes 
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in soil solution. Formation constants for mono- 
nuclear hydroxy-A1 species were from Nord- 
strom and May (1989), equilibrium constants for 
Al-citrate complexes from Lopez-Quintella et al. 
(1984), and all other equilibrium constants used 
in the speciation calculations were from Lindsay 
(1979). Statistical Analysis System (SAS) pro- 
grams were used to make ANOVA and mean 
comparison tests for root lengths and to calculate 
correlation coefficients and regression equations 
relating root length to soil and soil solution 
properties. 

Results and discussion 

Root growth 

Wheat seedling root growth was significantly in- 
creased by the PR treatments (Table 2). The 
experiment was repeated for each horizon and 
similar results were obtained in each trial. The 
trend of increasing root length with P application 
rate was apparent even at low rates of PR addi- 
tion. Significant root length increases (P < 0.05) 
were obtained with application of PR at a rate of 
25 mg P kg ~. A major increase in root length 
was observed between the 200mgPkg  -1 and 
400 mg P kg- ' treatments (Table 2). Root length 
was significantly increased (P < 0.05) by PR ap- 
plication rates up to 800mgPkg  -~ in both 
horizons. Root growth was also significantly im- 
proved by the CaCO 3 treatment, indicating that 
soil acidity constraints were limiting root growth 
in both horizons. Since seed reserves would have 
supplied the nutrients needed for the three day 
growth period, response to PR was apparently 
related to partial correction of soil acidity 
through increased soil pH, increased Ca, or 
amelioration of A1 toxicity. The ameliorative 
effect of PR additions was pronounced. The 
800mgPkg-~ PR treatment increased root 
length by up to 506 and 633% in the Berks E and 
Lily Bt horizons, respectively when compared to 
the 0 P treatment. 

Phosphate rock dissolution 

The extent of PR dissolution, after a 30 day 
incubation in the two soil horizons, is shown as a 
function of P application rate in Figure 1. Both 



Phosphate  rock Mean longest root" (cm) 
t reatment  
(mg P kg -1) Berks E Lily Bt 

100 

Trial 1 Trial 2 Trial 1 Trial 2 

0 1.8 h 2.0 g 1.5 e 1.2 ° 
12.5 2.3 g" 2.4 ~g 1.9 de 1.6 e 
25 2.7 fg 2.4 fg 2.40 1.8 e 
50 3.03 2.73 2.30 3.40 

100 4.4 e 3.7 e 2.40 4.2 c 
200 5.30 4.80 4.9 c 6.2 b 
400 9.5 b 8.9 b 9.2 b 9.1" 

800 10.9 a 10.0" 9.9 a 8.8" 
1600 11.3 a 10.2" 9.38 9.1" 
CaCO~ 8.9 c 7.3 ° 9.2 b 8.9" 

"Means  from 3 replications containing 5 plants per replication. Means  in a column followed by the same letter are not  
significantly different at the P = 0.05 level by the LSD test. 
b 1000 mg CaCO 3 kg -1. 

• BERKS E NaOH (AP) 

• BERKS E BaCI2-TEA(ACa) 

• LILY Bt NaOH (~,P) 
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Table 2. Mean length of longest root of "Har t "  wheat  grown for three days in two soil horizons treated with nine levels of  
phosphate  rock and one level of  CaCO 3 

0 i i L 

0 400 800 1200 1600 

P Applied (rag P kg 1)  

Fig. 1. Est imated dissolution of phosphate  rock applied at 
nine levels to two acidic soil horizons. The samples were 
incubated for 30 days and phosphate  rock dissolution esti- 
mated  using the NaOH(AP)  and BaCI2-TEA (ACa) methods.  

the NaOH and the BaCI2-TEA extraction tech- 
niques resulted in estimated solubilities of PR 
greater than 60% at P application rates less than 
100mgPkg -1. Percent dissolution of PR de- 
creased with increasing application rate. These 
results are consistent with the findings of Kanabo 
and Gilkes (1988). 

The North Carolina PR showed a similar pat- 

tern of high reactivity in both soil horizons (Fig. 
1). The estimated dissolution of PR using the 
NaOH technique varied from 16.5-79.2% and 
15.9-75.2% in the Berks E and Lily Bt horizons, 
respectively. Estimates of PR solubility based on 
the BaClz-TEA extraction method ranged from 
17.0-75.2% in the Berks E horizon and 14.3- 
69.1% in the Lily Bt horizon. The NaOH tech- 
nique estimated slightly higher dissolution of PR 
at the 12.5, 25, 50, and 100 mg P kg -1 application 
rates, but both techniques gave similar results at 
P application rates I>200 mg P kg- 1. The NaOH 
technique is based upon the assumption that the 
reagent does not dissolve the unreacted PR and 
differences in extractable P (Ap) between 
treated and untreated samples represents PR 
dissolution (Mackay et al., 1986). It is possible 
that some dissolution of ground PR may have 
occurred during NaOH extraction, thus leading 
to somewhat higher PR dissolution estimates. 
The BaClz-TEA method characterizes PR dis- 
solution by measuring differences in extractable 
Ca (ACa) between treated and untreated samples 
(Kanabo and Gilkes, 1988). In the absence of 
free calcite and assuming congruent dissolution 
of PR, ACa values can be used to calculate P 
dissolved from PR. Similar results (Fig. 1) were 
obtained for PR dissolution in both soil horizons 
using the two independent methods. The high 
solubility of North Carolina PR in these soils 



indicates that it should be useful as a direct 
application P fertilizer source. 

Soil chemical properties 

Soil pH, exchangeable Ca, and soil Ca saturation 
were significantly increased by PR additions 
(Table 3). Even at low application rates, the 
impact on exchangeable Ca was significant. The 
untreated Lily Bt horizon had low exchangeable 
Ca (0.08 cmol kg -1) and part of the root growth 
increase may have been in response to Ca. Ex- 
changeable A1, soil A1 saturation, and soil AI 
extracted by 0.01 M CaC12 decreased with in- 
creasing PR application rate. Extractable AI 
seemed to be most sensitive to PR addition. It 
can be noted from Table 3 that the CaCO 3 
treatment (1000 mg kg -1) was not sufficiently 
large to completely eliminate soil acidity prob- 
lems, especially in the Berks E horizon. Root 
growth (Table 2) in the Berks E horizon was 
significantly less in the CaCO 3 treatment than 
the higher PR treatments. 

All soil properties in Table 3 were significantly 
correlated (P < 0.05) with root growth in the two 
horizons (data not shown). Soil A1 extracted by 
0.01M CaCI 2 proved to be the best predictor of 
short-term root growth in this experiment. A 
plot of root length as a function of 0.01 M CaC12- 
extractable AI in the Berks E treatments is 
shown in Figure 2. Previous investigators (Brom- 
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Fig. 2. Mean length of the longest root of three day old 
wheat seedlings as a function of soil Al extracted by 0.01 M 
CaC12 from a Berks E soil horizon treated with nine levels of 
phosphate rock and one level of CaCO 3. 
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field et al., 1983; Hoyt and Nyborg, 1971; Jarvis, 
1987; Wright et al., 1989b) had reported that 
0.01 M CaC12 was an appropriate extractant for 
identifying AI toxic soils. The amount of A1 
extracted by 0.01 M CaCI 2 represents soluble 
plus some exchangeable AI and should be re- 
lated to A1 in soil solution. 

Soil solution 

Soil solution pH was increased 0.43 units and 
0.70 units over the range of PR treatments in the 
Berks E and Lily Bt horizons, respectively 
(Table 4). Kanabo and Gilkes (1988) attributed 
soil pH increases resulting from dissolution of 
PR to consumption of protons during acidulation 
of PR and subsequent neutralization of bases 
released. Dissolution of PR greatly increased soil 
solution Ca in both soil horizons (Table 4). Soil 
solution Ca was increased 1336% and 6261% by 
the 1600 mg P kg -1 treatment relative to the con- 
trol in the Berks E and Lily Bt horizons, respec- 
tively. Calcium could have directly contributed 
to enhanced root elongation, especially in the 
Lily Bt horizon, or improved root growth 
through partial amelioration of AI toxicity (Kin- 
raide and Parker, 1987a). 

Total soil solution A1 was not reduced by 
dissolution of PR in either horizon (Table 4) and 
did not serve as a good predictor of root growth. 
Fluoride and SO 4 concentrations in soil solution 
increased with PR application rate (Table 4). 
Formation of nontoxic complexes of A1 with 
both F and SO 4 (Cameron et al., 1986; Kinraide 
and Parker, 1987b) may have contributed to 
improved wheat seedling root growth even 
though total soil solution AI was not decreased. 
Soil solution P levels increased with PR treat- 
ments, but only reached 19 tzM in the Berks E 
treatments and 28 ~ M  in Lily Bt (Table 4). 
While high concentrations of P and AI may have 
resulted in precipitation of aluminium phos- 
phates in the vicinity of PR particles, bulk soil 
solution values were undersaturated relative to 
precipitation of aluminium phosphate. Approxi- 
mately 23 and 14% of total soil solution AI (data 
not shown) in the Berks E and Lily Bt horizons, 
respectively, was complexed by high molecular 
weight organics according to estimates made 
using a Chelex resin technique (Campbell et al., 
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Table 4. Soil solution composition ~ in two soil horizons treated with nine levels of phosphate rock and one level of CaCO 3 

Phosphate pH F SO 4 P Ca Mg K Na AI Mn 
rock 
treatment (/zM) 
(mg P kg 1) 

Berks E 
0 4.58 5.5 442 6.4 218 190 252 223 78 17 

12.5 4.53 7.7 538 5.5 292 195 231 413 73 15 
25 4.66 10.3 558 5.8 308 169 244 330 69 13 
50 4.71 16.3 669 5.4 413 166 220 397 72 12 

100 4.62 19.8 881 6.1 644 184 220 389 86 12 
200 4.80 34.1 1320 7.4 981 204 186 586 95 11 
400 4.75 40.9 1840 10.9 1540 257 219 779 113 11 
800 4.86 31.3 2521 13.9 2347 310 221 1042 99 11 

1600 5.01 30.5 3269 19.4 3131 378 176 1169 76 7 
CaCO3 b 4.93 5.1 757 7.0 841 115 161 190 48 9 

Li~  Bt 
0 4.82 4.2 143 4.0 69 38 224 313 29 35 

12.5 4.79 5.0 193 4.0 112 38 204 312 29 28 
25 4.83 5.7 223 5.1 195 43 187 357 30 31 
50 4.98 5.3 357 4.6 295 44 141 456 25 26 

100 4.85 7.8 626 5.9 509 49 211 519 31 26 
200 4.91 11.6 1014 9.0 880 64 139 809 38 28 
400 5.10 12.2 1706 9.0 1637 95 113 929 42 29 
800 5.27 10.3 3758 16.2 2988 170 117 1121 58 28 

1600 5.52 8.2 3996 28.3 4389 290 122 1022 24 22 
CaCO3 b 5.54 4.2 564 5.2 797 30 78 201 3 18 

" Fe, CI, NO3, oxalate and citrate were also 
not been listed in Table 4. 
b 1000 mg CaCO 3 kg -~. 

measured in soil solutions and utilized in subsequent speciation calculations, but have 

1983; Hodges, 1987). This organically bound AI 
would be nontoxic and was not included in sub- 
sequent speciation calculations. 

An estimate of mononuclear A1 speciation 
in soil solution was obtained using the soil solu- 
tion composition (Table 4) and the modified 
G E O C H E M  program of Parker et al., (1987). 
Calculated activities of A1 species, Ca 2+ and 
Mg 2+ are shown in Table 5. The activity of AI 3+ 
({AI3+}) decreased with increasing levels of PR 
addition (Table 5). Parker et al. (1988) demon- 
strated that, in the absence of AI polymers, 
{AI 3+} was the best indicator of wheat seedling 
root elongation. Although root growth (Table 2) 
was similar in the Berks E and Lily Bt horizons, 
calculated {AI 3+} was much higher in the Berks 
E horizon treatments (Table 5). Bruce (1990) 
suggested that the expression of AI toxicity asso- 
ciated with {A13+} was controlled by soil solu- 
tion ionic strength (I). Berks E soil solutions had 
higher I values than comparably treated Lily Bt 

samples at PR application rates up to 
200 mg P kg -1 (Table 5). The presence of basic 
cations can also influence the expression of AI 
toxicity. Kinraide and Parker (1987) demon- 
strated that Ca and other basic cations can 
ameliorate A1 toxicity. At low PR application 
rates ( ~< 200 mg P kg-1) activities of Ca 2+ 
({Ca2+}) and Mg 2+ ({Mg2+}) were much great- 
er in the Berks E than the Lily Bt soil solutions. 
Therefore, AI toxicity would probably be ex- 
pressed at lower {AI 3÷} in the Lily Bt treat- 
ments. Overall, PR dissolution greatly increased 
{Ca 2+} in soil solution in both horizons (Table 
5). The {Ca2+}/{AI 3+ } ratio increased from 9 to 
468 and 8 to 5415 in the Berks E and Lily Bt 
treatments, respectively, with increasing PR ap- 
plication rate. 

Dissolution of PR increased fluoride and sul- 
fate concentrations in soil solution (Table 4) and 
resulted in the formation of A1-F and AI-SO 4 
complexes (Table 5). Both AI-F and A1-SO 4 
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Table 5. Activities of Ca 2÷, Mg 2+, and AI species a in soil solution, and ionic strength as calculated by the GEOCHEM program 

Phosphate Ca 2÷ Mg 2÷ A13÷ AI(OH) 2+ AI(OH)2 AIF b AlSO 4 Ionic 
rock strength 
treatment m M 
(mg P kg -~ ) (/~M) 

Berks E 
0 165 146 18 6.8 2.1 4.4 9.7 2.6 

12.5 217 146 15 5.2 1.4 6.0 9.8 2.9 
25 229 127 12 5.5 2.0 7.9 8.1 2.8 
50 299 122 10 5.2 2.2 12 8.2 3.2 

100 447 130 13 5.4 1.8 15 13 4.1 
200 636 135 9.0 5.7 2.8 23 13 5.5 
400 929 159 i0 5.7 2.6 27 20 7.5 
800 1309 178 7.4 5.4 3.1 20 18 10 

1600 1637 204 3.5 3.5 2.9 18 10 13 
CaCO3 d 594 83 5.3 4.5 3.0 3.7 4.5 3.8 

Lily Bt 
0 57 32 7.2 4.8 2.5 3.4 1.3 1.4 

12.5 93 31 7.6 4.7 2.3 4.1 1.9 1.3 
25 157 35 6.4 4.3 2.3 4.6 1.8 1.7 
50 230 35 4.2 4.0 3.1 4.1 1.9 2.1 

100 370 36 4.5 3.2 1.8 5.8 3.4 3.1 
200 595 44 4.7 3.8 2.5 8.2 5.4 4.5 
400 1001 60 3.4 4.4 4.3 8.0 6.1 7.1 
800 1511 90 2.7 5.0 7.5 6.1 9.7 13 

1600 2166 149 0.4 1.3 3.4 4.1 1.3 15 
CaCO3 d 583 23 0.0 0.0 0.0 0.3 0.0 3.2 

a Summation of the activities of AI complexes with citrate and oxalate were ~<2.7/~M for Berks E treatments and ~<2.0 
Lily Bt treatments. These values are not listed in Table 5. 
b AIF = AIF 2÷ + A1F~ + AIF~ 

c ALSO4 = AlSO 4 + AI(SO4)2 
1000 mg CaCO 3 kg -1. 

/~M for 
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Fig. 3. Changes in the distribution of {A13+} and {Al- 
SO4} + {A1-F} in soil solution as a function of application 
rate of phosphate rock (expressed as loglo P applied) to the 
Berks E soil horizon. Values of {A13÷ } and {A1-SO4} + {A1- 
F} are given as a percentage of total A1 activity in soil 
solution. 

complexes have been shown to be nontoxic to 
plants (Cameron et al., 1986; Kinraide and Par- 
ker 1987b). The distribution of {A13+ } and {Al- 
SO4} + {A1-F} in Berks E soil solutions is 
shown as a function PR application rate in Fig- 
ure 3. The {AI 3+} dropped from 41 to 9% of 
total soil solution AI activity, and {Al- 
SO4} + {AL-F} increased from 32 to 73% of 
total soil solution AI activity across the range of 
PR additions. While PR dissolution did not re- 
duce total soil solution AI (Table 4), it did result 
in a shift of AI speciation from toxic to nontoxic 
forms. 

Summary 

North Carolina PR was quite reactive in acidic 
soil horizons used in this study. Partial dissolu- 



tion of the PR increased soil pH, exchangeable 
Ca and soil solution Ca while lowering exchange- 
able AI and soil A1 extracted by 0.01M CaC12. 
Although total soil solution AI was not reduced 
by PR treatments, {AI 3÷} was decreased and 
nontoxic A1-F and AI-SO 4 complexes were 
formed. These improvements in soil chemical 
properties and shifts in soil solution A1 specia- 
tion from toxic to nontoxic forms resulted in 
enhanced root growth of wheat seedlings. Direct 
application of North Carolina PR should contrib- 
ute to amelioration of soil acidity in acidic, low 
CEC soils of the Appalachian region. 

Acknowledgements 

We would like to thank Donald P. Day of Tex- 
asgulf, Inc., Raleigh, North Carolina, for supply- 
ing the phosphate rock sample. The modified 
GEOCHEM program used in this study was 
provided by David R. Parker, University of Cali- 
fornia, Riverside. 

References 

Ahlrichs J L, Karr M C, Baligar V C and Wright R J 1990 
Rapid bioassay of aluminum toxicity in soil. Plant and Soil 
122, 279-285. 

Bromfield S M, Cumming R W, David D J and Williams C H 
1983 The assessment of available manganese and 
aluminum status in acid soils under subterranean clover 
pastures of various ages. Aust. J. Exp Agric. Anim. Husb. 
23, 192-200. 

Bruce R C 1990 Ionic strength - a key attribute of acid soils. 
p 444. In Abstracts, Second International Symposium on 
Plant-Soil Interactions at Low pH. 

Cameron R S, Ritchie G S P and Robson A D 1986 Relative 
toxicities of inorganic aluminum complexes to barley. Soil 
Sci. Soc. Am. J. 50, 1231-1236. 

Campbell P G C, Bisson M, Bougie R, Tessier A and 
Villeneuve 1983 Speciation of aluminum in acidic freshwa- 
ter. Anal. Chem. 55, 2246-2252. 

Chien S H, Hammond L L and Leon L A 1987 Long-term 
reactions of phosphate rocks with an oxisol in Colombia. 
Soil Sci. 144, 257-265. 

Easterwood G W, Sartain J B and Street J J 1989 Fertilizer 
effectiveness of three carbonate apatites on an acid ultisol. 
Commun. Soil Sci. Plant Anal. 20, 789-800. 

Elkhatib E A, Hern J L and Staley T E 1987 A rapid 
centrifugation method for obtaining soil solution. Soil Sci. 
Soc. Am. J. 51, 578-583. 

Gee G W and Bauder J W 1986 Particle-size analysis. In 

Phosphate rock dissolution and root growth 29 

Methods of Soil Analysis, pt. 1, 2nd ed. Ed. A Klute. 
Agronomy 9, 383-411. 

Hammond L L, Chien S H and Mokwunye A U 1986 
Agronomic value of unaeidulated and partially acidulated 
phosphate rocks indigenous to the tropics. Adv. Agron. 
40, 89-140. 

Hellums D T, Chien S H and Touchton J T 1989 Potential 
agronomic value of calcium in some phosphate rocks from 
South America and West Africa. Soil Sci. Soc. Am. J. 53, 
459-462. 

Hodges S C 1987 Aluminum speciation: A comparison of five 
methods. Soil Sci. Soc. Am. J. 51, 57-64. 

Hoyt P B and Nyborg M 1971 Toxic metals in acid soil. 1. 
Estimation of plant available aluminum. Soil Sci. Soc. Am. 
Proc. 35, 236-240. 

Hughes J C and Gilkes R J 1984 The effect of chemical 
extractant on the estimation of rock phosphate fertilizer 
dissolution. Aust. J. Soil Res. 22, 475-481. 

Jarvis S C 1987 Forms of aluminum in some acid permanent 
grassland soils. J. Soil Sci. 37, 211-222. 

Kanabo I A K and Gilkes R J 1988 The effect of the level of 
phosphate rock application on its dissolution in soil and on 
bicarbonate-soluble phosphorus. Fert. Res. 16, 67-85. 

Kinraide T B and Parker D R 1987a Cation amelioration of 
aluminum toxicity in wheat. Plant Physiol. 83, 546-551. 

Kinraide T B and Parker D R 1987b Nonphytotoxicity of the 
aluminum sulfate ion, A1SO~. Plant Physiol. 71,207-212. 

Lindsay W L 1979 Chemical Equilibria in Soils. Wiley, New 
York. 

Lopez-Quintella M A, Knoche W and Veith J 1984 Kinetics 
and thermodynamics of complex formation between 
aluminum (III) and citric acid in aqueous solution. J. 
Chem. Soc. Faraday Trans. 80, 2313-2321. 

Mackay A D, Syers J K, Tillman R W and Gregg P E H 1986 
A simple model to describe the dissolution of phosphate 
rock in soil. Soil Sci. Soc. Am. J. 50, 291-296. 

Nordstrom D K and May H M 1989 Aqueous equilibrium 
data for mononuclear aluminum species. In The En- 
vironmental Chemistry of Aluminum. Ed. G Sposito. pp 
29-53. CRC Press, Boca Raton, FL. 

Olsen S R and Sommers L E 1982 Phosphorus. In Methods 
of Soil Analysis, pt. 2, 2nd ed. Eds. A L Page, R H Miller 
and D R Keeney. Agronomy 9, 403-430. 

Parker D R, Zelazny L W and Kinraide T B 1987 Improve- 
ments to the program GEOCHEM. Soil Sci. Soc. Am. J. 
51, 488-491. 

Parker D R, Kinraide T B and Zelazny L W 1988 Aluminum 
speciation and phytotoxicity in dilute hydroxy-aluminum 
solutions. Soil Sci. Soc. Am. J. 52, 438-444. 

Ritchey K D, Baligar V C and Wright R J 1988 Wheat 
seedling responses to soil acidity and implications for 
subsoil rooting. Commun. Soil Sci. Plant Anal. 19, 1285- 
1293. 

Ritchey K D, Sousa D M G and Costa Rodrigues G 1989 
Inexpensive biological tests for soil calcium deficiency and 
aluminum toxicity. Plant and Soil 120, 273-282. 

Smyth T J and Sanchez P A 1982 Phosphate rock dissolution 
and availability in Cerrado soils as affected by phosphorus 
sorption capacity. Soil Sci. Soc. Am. J. 46, 339-345. 

Sposito G and Mattigod S V 1980 GEOCHEM: A computer 



30 Phosphate rock dissolution and root growth 

program for the calculation of chemical equilibria in soil 
solution and other natural water systems. Kearney Founda- 
tion of Soil Science, University of California, Riverside. 

Thomas G W 1982 Exchangeable cations. In Methods of Soil 
Analysis, pt. 2, 2nd ed. Eds. A L Page, R H Miller and D 
R Keeney. Agronomy 9, 159-165. 

Wright R J, Baligar V C and Wright S F 1987 The influence 
of acid soil factors on the growth of snapbeans in major 
Appalachian soils. Commun. Soil Sci. Plant Anal. 18, 
1235-1252. 

Wright R J, Baligar V C, Ritchey K D and Wright S F 1989a 
Influence of soil solution aluminum on root elongation of 
wheat seedlings. Plant and Soil 113, 294-298. 

Wright R J, Baligar V C and Ahlrichs J L 1989b The 
influence of extractable and soil solution aluminum on root 
growth of wheat seedlings. Soil Sci. 148, 293-302. 

Yuan T L 1959 Determination of exchangeable hydrogen in 
soils by a titration method. Soil Sci. 88, 164-167. 


